Abstract More than two decades of research has revealed a combination of proteases that determine cartilage degradation in osteoarthritis. These include metalloproteinases, which degrade the major macromolecules in cartilage, aggrecan and type II collagen, serine proteases, and cysteine proteases, for example cathepsin K. This review summarizes the function of proteases in osteoarthritis progression, as revealed by studies of genetically engineered mouse models. A brief overview of the biochemical characteristics and features of several important proteases is provided, with the objective of increasing understanding of their function. Published data reveal at least three enzymes to be major targets for osteoarthritis drug development: ADAMTS-5, MMP-13, and cathepsin K. In surgical models of osteoarthritis, mice lacking these enzymes are protected from cartilage damage and, to varying degrees, from bone changes. In-vivo studies targeting these proteases with selective small-molecule inhibitors have been performed for a variety of animal models. Mouse models will provide opportunities for future tests of the therapeutic effect of protease inhibitors, both on progression of structural damage to the joint and on associated pain.
Introduction
Enzymes which hydrolyze peptide bonds form 1.7 % of the human genome and are one of the largest protein families in the human body, second only to the ubiquitin ligase family [1] . There are more than 600 proteases in the human "degradome" (the complete set of proteases in an organism [1] ), and they are active in almost every biological pathway of the cell cycle, wound healing, immune response, blood coagulation, and other physiological and pathological processes. Proteases often act in tightly controlled networks or cascades, and dysregulation of their activity underlies many diseases, including cancer, neurodegenerative and cardiovascular disease, and arthritis [2] . They are, therefore, possible targets for drug development. Some of the most successful drugs on the market are protease inhibitors [3] ; captopril, for example, an antihypertensive drug targeting the metalloprotease angiotensinconverting enzyme, has been available since 1981. In 2010 it was estimated that 5-10 % of all drugs in development targeted proteases [3] .
Osteoarthritis (OA), the most common form of arthritis affecting the knee, hip, and hand, is characterized by biochemical and cellular changes to all joint tissues, including cartilage, subchondral bone, synovium, meniscus, ligaments, and fat pad [4] . Characteristic of these pathological changes is altered turnover of connective tissue: subchondral bone sclerosis, bone cysts, osteophytes, synovial inflammation, fibrosis, and, most of all, loss of articular cartilage. Proteases have therefore received much attention as targets for the development of drugs to halt structural damage to the joint. Such drugs are not yet on the market.
In this review, we focus on a network of key proteases active in OA. We provide a basic overview of their biochemical characteristics and discuss insights from mouse models regarding their function in OA pathology. Studies of genetically engineered mouse models (GeMMs) reveal three proteases to be possible targets for OA therapy: ADAMTS-5, MMP-13, and cathepsin K (catK). Progress in developing selective inhibitors of these enzymes will be briefly reviewed.
The Network of Proteases Active in Osteoarthritis
Progressive loss of articular cartilage via enzyme degradation of the extracellular matrix (ECM) is central to OA pathology (proteases in OA cartilage are reviewed in detail in Ref. [5] ). Focus has long been on metalloproteinases, which are responsible for degradation of major macromolecules in cartilage, aggrecan and type II collagen (CII) (Fig. 1) . Studies investigating the effect of wide-range protease inhibitors on cytokine-stimulated cartilage degradation in vitro revealed that metalloproteinases and serine and cysteine proteases are all involved in these pathways [6] [7] [8] . Figure 1 summarizes the major proteases implicated in cartilage degradation, illustrating the important function of serine, metallo, and cysteine proteases. Most protease research has focused on cartilage degradation. Cartilage loss is visible on radiology as joint-space narrowing, which is the variable by which OA progression is monitored and the primary endpoint for evaluating efficacy of disease-modifying OA drugs (DMOADs) [9] . It is not entirely understood how changes to articular cartilage are related to changes to meniscus, subchondral bone, and synovium (recently discussed in Ref. [10•] ). Proteases can be produced by tissue other than cartilage, and their degradation products may affect all joint tissues. It is therefore important to study proteases in vivo, and GeMMs are a valuable tool for investigating protease function in OA pathology and progression.
Biochemical Characteristics of OA Proteases
A brief overview of the biochemical features of the major proteases shown in Fig. 1 is provided, illustrating their function, how they cleave matrix proteins, and the rationale and methods for developing inhibitors.
Domain Structure
Domain structure analysis of ADAMTS-4, ADAMTS-5, ADAM-8, MMP-13, catK, and PACE-4 ( Fig. 2 ) reveals that they vary greatly in length, from approximately 330 to 970 amino acids (catK and PACE4, respectively). Smaller enzymes, including catK and MMP-13, have fewer ancillary domains. CatK has a propeptide domain and a peptidase C1 domain related to papain. Its active site contains cysteine, histidine, and asparagine, which make up its catalytic triad. Unlike the other enzymes, MMP-13 has a short propeptide domain, but has a typical metallopeptidase domain Fig. 1 Network of proteases in OA cartilage degradation. Key proteases from different classes are shown, mainly on the basis of ex-vivo human and bovine cartilage explant studies. ADAMTS-4/5 and MMP-13 are the main metalloproteases responsible for degrading aggrecan and type II collagen, respectively [79, 80] . These enzymes can also act on other substrates, degradation of which may contribute to weakening of the cartilage matrix [81] . These metalloproteases are synthesized as catalytically inactive zymogens, and it has been shown that the proforms of ADAMTS-4/5 are activated by proprotein convertases (PC) [82] [83] [84] , with PACE4 identified as the major PC in human OA cartilage [78] . Tissue inhibitor of metalloprotease (TIMP)-3 is an endogenous inhibitor of MMP-13 [85] and ADAMTS-4/5 [86] . The cysteine protease, cathepsin K (catK), can also degrade collagen and aggrecan [87, 88] . Both ADAM8 [89] and HtrA1 (high temperature requirement A1) [90] can cleave fibronectin, and fibronectin fragments induce chondrocytes to release catabolic enzymes [91] [92] [93] . HtrA1 can cleave many substrates in vitro, including aggrecan, fibromodulin, and decorin [94, 95] . The function of aspartyl proteases has not yet been reported, although it was recently shown that selective inhibition of the membrane-anchored aspartyl protease, BACE-1 (beta-secretase) (primarily known for its function in Alzheimer's disease via cleavage of amyloid precursor protein) blocked cytokine-induced aggrecan loss from bovine and human cartilage explants. The mechanism of action is not yet understood [96] (according to the Pfam database: pfam.sanger.ac.uk) and a C-terminal hemopexin domain. ADAMTS-4 and ADAMTS-5 contain a propeptide and a catalytic domain, an ADAMTSspacer 1 domain, and at least one thrombospondin type 1 repeat. ADAM-8 has three other domains: a blood coagulation inhibitor and/or disintegrin segment, a cysteine-rich domain and an epidermal-growth-factor-like domain. PACE4 contains a galactose-binding-like domain, growth factor and/or receptor domains, a pro region, and a subtilisin domain with aspartic acid, histidine, and serine residues as catalytic triad. Catalytic domain size is 200-250 residues for all enzymes in Fig. 2 except PACE4 , which has 340 residues. Larger enzymes usually have more ancillary domains, which are important for matrix location, substrate specificity, cell receptor signaling, and stability.
Catalysis Mechanism
All serine proteinases have a similar catalytic triad of serine, histidine, and aspartic acid. Serine protease PACE4 has the catalytic triad Asp205, His246, and Ser420. Catalytic reaction by PACE4 has several steps, shown in Fig. 3a . First, the hydroxyl oxygen of Ser420 loses its hydrogen to His246. The nucleophilic oxygen targets the scissile carbonyl bond, forming the tetrahedral intermediate (Fig. 3d) The catalytic mechanism of cysteine proteinase is very similar to that of serine proteinases, but with a mercapto sulfur of cysteine as nucleophilic group (Fig. 3b, e) . The catalytic triad of catK is Cys139, His276, and Asn296.
The catalytic mechanism of metalloproteinases differs from that of serine and cysteine proteinases. Two mechanisms have been proposed, the promoted-water pathway and nucleophile pathway [11] . Figures 3c, f show the promotedwater pathway for ADAMTS-5. First, zinc-coordinated water loses a hydrogen atom to Glu411 and the nucleophilic oxygen of water targets the scissile carbonyl bond, forming a tetrahedral intermediate (as indicated by arrows in Figs. 3c and f). In this state, zinc links to the oxygen in the carbonyl substrate instead of the oxygen in water. Next, as the arrows indicate, the peptide bond is cleaved and the N-terminal portion of the substrate lost. The remaining C-terminal portion of the substrate forms an enzyme-product complex. Finally, the product is released from the enzyme, enabling the next catalytic cycle to start. and the catalytic triad residues for cathepsin K and PACE4 are marked in blue. Sequence features were retrieved from the InterPro database of EMBL-EBI, and accessions used include P29122 (PACE-4), P43235 (Cathepsin K), P78325 (ADAM-8), P45452 (MMP-13), Q9UNA0 (ADAMTS-5), and O75173 (ADAMTS-4). This graph was prepared by use of DOG [97] Active Site Structures
With the exception of PACE4, many catalytic domain structures of the above proteases have been determined (Fig. 4) . The catalytic domains of ADAM-8, ADAMTS-4, ADAMTS-5, and catK have similar sequence lengths and are therefore of similar size. MMP-13 has a smaller catalytic domain than the other proteases. A homology model reveals that, because it contains the greatest number of amino acids, PACE4 has the largest catalytic domain. Secondary structures and patterns of ADAM-8, ADAMTS-4, and ADAMTS-5 are similar (Figs. 4a-c). MMP-13 ( Fig. 4d ) has a different structural pattern; however, the active sites of all four metalloproteinases are similar and use the same mechanism of peptide hydrolysis (Fig. 3) . ADAM-8, ADAMTS-4, and ADAMTS-5 all have an α-helix, which forms the base of the active site. There is also an α-helix and several loops located at the right-hand side of the ligand. MMP-13 lacks an α-helix. CatK and PACE4 are different classes of proteinase, and their active sites are very different. Although ADAM-8, ADAMTS-4, ADAMTS-5, and MMP-13 have similar tertiary structures, their active site pockets are of different size, shape, hydrophobicity, and electrostatic potential (data not shown). Because these properties determine the proteases' binding specificity for different compounds (ligands) [12, 13•, 14] , it is possible to design potent and, more importantly, selective inhibitors for each protease, even if they are closely related. It must be taken into account that proteins are not totally rigid, adopting different conformations to accommodate different ligands [13•] . This is why one compound can bind to several target proteins, and why developing selective inhibitors targeting only one member of a family is challenging. Fig. 3 Schematic diagrams of the catalytic mechanism for serine, cysteine, and metallo-proteinases. The numbering of the residues involved in a catalytic reaction is in accord with PACE4 (serine proteinase, a and d), cathepsin K (cysteine proteinase, b and e) and ADAMTS-5 (metalloproteinase, c and f), respectively
Mouse Models Confirm the Importance of Proteases in OA
The mouse degradome is larger than the human degradome, particularly for proteases with immunological and reproductive functions, and lacks some important human enzymes, including MMP-1 [15] . Despite this, mouse models of OA, in particular models using knockout (KO) mice, are invaluable for target validation [16] . In this review, we focus on GeMMs and expression studies that use the most common surgical and spontaneous models of murine OA (the models are reviewed in Ref. [17] ).
Validation by Use of Genetically Engineered Mouse Models (GeMMs)

Surgical Models
Most protease KO mice have been studied by use of surgical models (Table 1) . OA induced by destabilization of the medial meniscus (DMM) is often chosen as a model because the slow progression of structural changes to the joint enables long-term follow-up [18] . Inhibition of cartilage degradation remains the main criterion for deciding whether KO mice are protected against OA, but an increasing number of analyses also include subchondral bone changes. The role of synovial change in these models is under active investigation. Of the eight proteases and endogenous inhibitors tested, Timp2 [19] and Mmp9 [16, 20] deficient mice are more susceptible to OA. Loss of Timp2 promotes vascular invasion of the periarticular region before OA changes develop, suggesting increased angiogenesis may drive OA progression [19] . Because MMP-9 has anti-inflammatory functions, including degradation of IL-1β, it is postulated that it has a protective function in OA [16] . Lack of Adamts4 [21] , Mmp3 [16] , Mmp12 [16] , or Mmp17 [22] does not affect OA progression. MMP-17 (also known as MT4-MMP) was investigated regarding its possible involvement in activating ADAMTS-4 [23] . Mmp17 null mice had no protection in the DMM model but were protected from loss of glycosaminoglycan (GAG) into synovial fluid after intra-articular injection of IL-1β, suggesting that MMP-17 may be involved in inflammation-associated joint destruction [22] . Only three KO strains, Adamts5, Mmp13, and catK (Ctsk) null mice, were protected from OA development, and 100 % protection against cartilage degeneration was never reported.
Adamts5 null mice are protected from aggrecan loss and cartilage degradation after instability has been induced by DMM surgery [24] . Protection from cartilage degradation and subchondral bone remodeling up to six months after DMM has been reported, but no protection from osteophyte development was observed [24, 25] . Adamts4/5 null mice have similar protection against cartilage degeneration [26] . Two transgenic mouse strains were developed to compare the effects of MMP and ADAMTS cleavage in the interglobular domain (IGD) of aggrecan. Chloe mice are resistant to MMPs cleavage at the Asn 341 -Phe 342 site [27] , whereas Jaffa mice are resistant to ADAMTS cleavage at the Glu 373 -Ala 374 site [28] . Chloe mice studied by use of the DMM model developed OA similar to that of WT mice, whereas Jaffa mice had cartilage degradation protection similar to that of Adamts5 null mice [24, 28] . This suggests that blocking ADAMTS-mediated cleavage in aggrecan IGD is sufficient to protect against cartilage erosion.
Mmp13 null mice were not protected from aggrecan loss after DMM, but had significantly less cartilage damage up to 8 weeks after surgery [29] . The mice developed localized proteoglycan depletion on the femoral side, but this did not result in increased structural damage: cartilage structure was preserved, revealing the importance of collagen cleavage to loss of cartilage tissue in OA [29] . In a different joint instability model, cartilage-specific Mmp13-deficient mice were protected against cartilage degeneration up to 16 weeks post • Increased tibial metaphysis bone volume and/or bone marrow space, osteoclast number and/or bone perimeter, and trabecular thickness a Histological scores were assigned to four quadrants (medial tibial plateau, medial femoral condyle, lateral tibial plateau, and lateral femoral condyle) of the left and right knee joints at all sectioned levels to obtain a summed OA score for the whole knee joint, or for the medial and lateral tibial plateau separately surgery [30] . The mice studied were Mmp13 Col2ER mice (Mmp13 null crossed with Col2CreER transgenic); the Col2a1-Cre mouse has altered gene expression in both synovial fibroblasts and chondrocytes [31] . DMM in Mmp13-overexpressing mice resulted in accelerated cartilage degradation [16] , further confirming the function of this protease in OA. Transcription factors NF-κB, HIF2α, Ihh, Runx2, ELF3, C/EBPβ, and AP-1 have been implicated in regulation of MMP-13, but it is not yet understood how each of these affects OA pathogenesis [5, 32, 33] . HIF2α-deficient mice (Epas1 +/− ) and Runx2 +/− mice are protected against cartilage degradation [34] and osteophyte formation in joint instability models [35, 36] . These studies reinforce the importance of MMP-13 to OA pathogenesis; however, the factors regulating its transcription have many biological functions and are therefore unlikely to be viable drug targets.
Ctsk null mice develop osteopetrosis, with abnormally high bone mineral content and volume by two months of age [37] . At 25 weeks of age these increases were still apparent in the tibial metaphysis, but subchondral bone seemed unaffected [38•] . In two models, Ctsk null mice were protected against cartilage degradation and subchondral bone changes up to 16 weeks after surgery, although osteophytosis was not significantly reduced [ 
Spontaneous OA
Mice are naturally susceptible to OA of the knee joints; individual susceptibility varies, depending on background strain [40] . Slowly-progressive natural OA in C57Bl/6 mice has been studied in detail [41, 42] . Analysis of articular cartilage integrity, chondrocyte cell death, and subchondral bone up to 23 months of age revealed joint changes comparable with those seen 5.5-months after DMM surgery, but with reduced osteophyte incidence and development [41] .
Of transgenic mice studied for progression of spontaneous OA, mice deficient in Adam15 [43] , Mmp2 [44] , or Mmp14 [45] develop osteoarthritis more rapidly than WT mice (Table 2 ). Mmp3 null mice have OA similar to that of WT (B10.RIII) mice by 1 year of age, but by 2 years have significantly less cartilage degeneration. There was no significant difference in fibrosis or synovial infiltration [46] . There is as yet no report on susceptibility of Adamts4, Adamts5, or Mmp13 null mice to spontaneous OA, so it is not possible to compare their protection with that of Mmp3 null mice. Ctsk null mice have only been evaluated up to 25 weeks of age, which is not long enough for spontaneous OA to develop in matched WT mice [38•] . There are, however, data indirectly confirming the function of these proteases: mice lacking TIMP-3, an endogenous inhibitor of ADAMTS-4/5 and MMP-13, develop proteoglycan loss earlier in the aging process [47] . OA has been reported to develop more rapidly in mice over-expressing hMmp13 [48] , although another group could not repeat these results [16] . Ctsk over-expressing mice develop progressive synovitis with age, resulting in synovial hyperplasia, fibrosis, and joint destruction [49] .
Other Models
The function of some of these enzymes has been studied by use of acute inflammation models. Adamts5 null mice are protected from cartilage proteoglycan loss, but not from synovitis, in the acute phase (day three) of the inflammatory antigen-induced arthritis (AIA) model [50] . In the AIA model, Jaffa mice have protection from cartilage proteoglycan loss during days 1-5, but by day seven develop cartilage erosion similar to that of Chloe and WT mice, with extensive proteoglycan loss in all genotypes. Between days seven and 28, however, Jaffa mice can initiate proteoglycan restoration, resulting in significantly lower cartilage erosion scores [28] . With the results from the DMM model, these findings strongly suggest that blocking aggrecanolysis in the IGD domain may be beneficial throughout OA pathogenesis, slowing down progressive cartilage erosion and perhaps also offering the possibility of repair.
In a model of joint deterioration induced by intraarticular injection of TGF-β1 and treadmill running, Adamts5 null mice were protected from proteoglycan loss and development of fibrosis on the surface of knee joint tissues [51] , suggesting that ADAMTS-5 may be involved in fibrosis.
It would seem worthwhile to use GeMM to investigate possible OA pathogenesis functions for PACE4, ADAM8, and HtrA1, the remaining proteases in the proposed scheme. Such experiments, however, are not yet in the public domain. In the collagen-induced arthritis model, transgenic mice over-expressing a catalytically inactive mutant of Adam8 had significantly less bone resorption, inflammation, and cartilage degradation than WT mice [52] . It has been postulated that HtrA1 participates in degradation of the pericellular matrix in response to biomechanical stress, exposing the receptor tyrosine kinase DDR2 to its ligand, native CII, and inducing release of MMP-13 [53] . This mechanism may be responsible for the attenuated OA progression of Ddr2 +/− mice after DMM surgery [54•] . Data on Htra1-deficient mice are not available. • At day 40 onwards, mice developed severe generalized arthritis. All joints had overgrowth of a hypercellular, vascularized synovial tissue and destruction of articular cartilage, resulting in ankylosis. Tendons, ligaments, synovial capsules, musculotendinal junctions, and septal and/or fascial structures associated with skeletal muscle all displayed increased cell proliferation and vascularity, and became increasingly fibrotic
Murine Expression Data
Several microarray expression studies of murine OA models were published in 2012 [55•, 56, 57] . One study of expression patterns in articular cartilage of aging STR/Ort mice, which are spontaneously susceptible to OA-like changes [57] , revealed that many proteases believed to affect human OA were up-regulated in STR/Ort articular cartilage, including many of those listed in Fig. 1 . The authors combined data from OA mice at 18 and 40 weeks of age and found that the protease-related genes Adam8, Adamts1, Adamts4, Ctsk, Htra1, Mmp2, Mmp3, Mmp13, Mmp14, Timp1, Timp2, and Timp3 were significantly up-regulated compared with non-OA samples, thus largely confirming the networks identified in years of research on isolated cartilage from several species, including human OA samples. Other up-regulated protease genes included Capn6 (Calpain-6), Dpp7 (dipeptidylpeptidase 7), Mmp19, and Prss23 (protease serine 23). A few genes, including Dpep1 (dipeptidase 1), and Gzma (granzyme A), were down-regulated. Another microarray study [56] analyzed gene expression in whole-knee-joint samples taken 8 weeks post-DMM. Surgery was performed on young mice (12 weeks of age) and on 12-month old mice, which develop more severe disease, and samples from the two age groups were compared. Compared with the previously mentioned study, fewer significant changes to protease-related genes were reported. Htra1, Mmp2, Mmp3, and Timp1 were up-regulated in both young and old mice. Pcsk5, which encodes the proprotein convertase PC5/6A, was up-regulated in old mice, but not young mice.
A third study analyzed samples taken from whole-kneejoint extracts 6 h and 4 weeks post-DMM [55•] . Six hours after surgery, Timp1, Mmp3, Adamts1, Adamts4, Mmp19, and Adamts5 protease-related genes were up-regulated compared with sham mice. Timp1 and Mmp3 were still upregulated 4 weeks post-DMM. Follow-up qRT-PCR studies found that, six hours after surgery, Adamts5 and Mmp3 were increased in cartilage, but not in meniscus or in bone. Joint immobilization by means of sciatic neurectomy, which inhibited movement in the operated limb and protected against development of OA, negated the response of selected genes-including Adamts5, Adamts1, and Adamts4-in whole-knee extracts taken 6 h post-surgery.
These expression studies of diverse murine models confirm that proteases are tightly regulated during all stages of OA (as early as six h after surgery, and up to 40 weeks of age for STR/ort mice). Such studies will enable researchers to determine the effect of proteases over time and in different tissue, and to evaluate age-related differences. It is possible that protease expression in other tissue contributes to OA pathogenesis. A study investigating the effect of a high-fat diet (HFD) on genetically identical eight-week-old male B6 mice reported highly variable obesity [58] . Micro-array and RT-PCR analysis of adipose tissue revealed that Adamts5 was over-expressed in mice which gained more weight. Independent studies revealed that "high-gainer" mice fed an HFD developed more safranin O-staining loss than "low-gainer" mice [59] . This indicates that induction of ADAMTS-5 in other tissue, possibly including tissue outside the joint, may contribute to OA development. As far as we are aware, obesity-induced OA has not been studied in Adamts5 null mice.
Proof of Concept Studies with Selective Inhibitors
Studies of GeMMs have reduced potential target proteases down to three enzymes critical for development of OA joint damage: ADAMTS-5, MMP-13, and catK. In-vivo studies targeting these proteases with selective small-molecule inhibitors have been performed on a variety of animal models, but published information is nonetheless limited, especially for ADAMTS-5. Wyeth's ADAMTS-4/5 inhibitor was shown to protect against cartilage degeneration and weight-bearing changes for a rat medial meniscal tear model [60] , but no mouse data are available for this compound. Phase 1 clinical trials have been completed and revealed no safety concerns (NCT00427687, NCT00454298; www.clinicaltrials.gov). As a promising alternative to small molecule inhibition, GlaxoSmithKline recently reported a neutralizing anti-ADAMTS-5 antibody [61] . When administered prophylactically to mice over the course of 8 weeks post-DMM, the antibody was shown to protect against joint damage [61, 62] . The antibody has also been shown to fully penetrate mouse cartilage when administered intraperitoneally to mice 6 weeks post-DMM surgery [62] . Therapeutic efficacy of the antibody for established OA was not reported.
MMP inhibitor development has been hindered by nonspecificity resulting in musculoskeletal syndrome (MSS) [63] . Studies of more selective inhibitors targeting MMP-13 have not reported these problems, and seem to offer protection from cartilage loss for a variety of species [64] [65] [66] 67 ••] and to prevent pain behavior in rats [64, 68] . In a recent study using a murine joint-instability model, an MMP-13 inhibitor administered at the time of surgery reduced cartilage loss up to 12 weeks follow-up [30] . Again, therapeutic procedures have not been reported, and no MMP-13 inhibitor has yet reached clinical trial.
Studies of catK inhibitors using OA models of species other than mice have reported beneficial effects, both on structural progression of disease [39••, 69] and on joint pain, on long-term spontaneous OA in Dunkin-Hartley guinea pigs [70] . Novartis recently completed three phase 2 clinical trials testing balicatib (AAE581), a catK inhibitor, for safety and efficacy for osteoporosis [71] and knee OA (NCT00170911, NCT00100607, and NCT00371670). Patients with painful knee OA (KL Grade 3) were studied by a 12-month placebo-controlled trial evaluating safety, tolerability, and disease-modifying efficacy of daily oral treatment. Results from this study have not yet been published.
Conclusions and Future Challenges
GeMMs have been used for protease gain-of-function and loss-of-function studies, but most inhibitor studies have been performed on other species. Murine models, particularly the DMM model, have the advantage of being slowly progressive and therefore enabling investigation of therapeutic efficacy at different stages of OA progression. Using these models to test compounds targeting ADAMTS-5, MMP-13, and catK will provide insight into their therapeutic efficacy for established OA. Time-course experiments may determine whether there is an optimum time to initiate pharmacological intervention, and if and when it becomes too late for treatment.
What matters to the OA patient are the symptoms, particularly pain, that accompany the joint failure characteristic of OA. It is not yet known whether halting structural progression will be accompanied by pain alleviation. Techniques to model OA pain in mice are being developed [72] , and may address this gap in our understanding of OA. It was recently shown that Adamts-5-deficient mice are protected from mechanical allodynia after DMM surgery [73] . This may simply be because they are protected from developing OA in this model, but could indicate a direct effect of ADAMTS-5 on the nervous system. Adamts5 is expressed in dorsal root ganglia in adult mice [74] . Over the last decade proteases, particularly MMPs, have been increasingly implicated in mediating inflammation because of their ability to cleave cytokines, chemokines, and receptors, and to degrade ECM [75] . Pain generation requires interaction between the immune and nervous systems (reviewed in Ref. [76] ). It therefore seems probable that MMPs and other proteases participate in development and maintenance of pain. A multicohort study strongly associated a polymorphism in the gene encoding PACE4 (PCSK6) with protection against pain from knee OA [77] , and many studies report Pcsk6 null mice to be protected against pain [77] . Because PACE4 is the main activator of pro-aggrecanases in human OA cartilage [78] , this could suggest common pathways for structural progression and pain mechanisms in OA.
A possible function for proteases in mouse models of OA pain has not yet been studied, but proteases may be a promising subject for research addressing the relationship between structural damage and pain.
